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Abstract We explore a fermionic dark matter model with a
possible extension of Standard Model of particle physics into
two Higgs doublet model. Higgs doublets couple to the sin-
glet fermionic dark matter through a non-renormalisable cou-
pling providing a new physics scale. We explore the viability
of such dark matter candidate and constrain the model param-
eter space by collider serach, relic density of DM, direct
detection measurements of DM-nucleon scattering cross-
section and with the experimentally obtained results from
indirect search of dark matter.
1 Introduction
The satellite borne experiments like Planck, WMAP etc.
which study the anisotropies of cosmic microwave back-
ground radiations predict that more than a quarter of the
constituents of the Universe is made of unknown dark mat-
ter. The recent Planck data suggest that the relic abundance
for dark matter is within the range DMh2 = 0.1199 ±
0.0027 [1], where h is the Hubble parameter normalised to
100 km s−1 Mpc−1. There are also several ongoing terrestrial
experiments for direct detection of dark matter. Although
no dark matter is convincingly detected but there are claims
of the observance of three potential dark matter signals by
CDMS direct dark matter search experiment [2,3]. In addi-
tion DAMA/NAI [4–6] dark matter direct search experiment
had also claimed to have observed the signature of the annual
modulation of dark matter signal − a phenomenon that the
dark matter direct search signal should exhibit due to the rev-
olution of earth around the sun. The ongoing direct search
experiments such as XENON100 [7] and LUX [8] give an
upper bound in mχ − σscat plane where σscat is the dark mat-
ter elastic scattering cross-sections off the target detector and
mχ is the dark matter mass. The XENON100 [7] and LUX [8]
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experiments provide stringent bounds on DM-nucleon scat-
tering cross-section for different Dark matter masses. Dark
matter particles can also be trapped in a highly gravitating
astrophysical objects and can eventually undergo annihila-
tion to produceγ ’s or fermion anti-fermion pairs. Such events
should show up as excesses over the expected abundance of
these particles in the cosmos (for instance in cosmic rays).
Indirect searches of dark matter by detecting their annihila-
tion products can be realised by looking for these excesses in
the Universe. In fact the satellite borne experiments such as
Fermi-Lat [9] (also known as Fermi gamma-ray space tele-
scope or FGST), Alpha Magnetic Spectrometer AMS [10] on
board International Space Station (ISS) or the earth bound
experiment H.E.S.S. [11], MAGIC [12] as also the Antarc-
tica balloon-borne experiment ATIC [13] study the cosmic
gamma ray, positron or antimatter excesses, origin of which
could be annihilation of dark matter at the regions of astro-
physical interest such as Galactic Centre (GC), Galactic halo
etc.
Although the dark matter (DM) searches are being vigor-
ously persued, the particle constituent of dark matter is not
known at all. Various particle physics models for cold dark
matter (CDM) are available in literature that include the pop-
ular candidate neutralino which is supersymmetry motivated,
Kaluza Klein dark matter from theories of extra dimensions
or particles in some other proposed theories where simple
extensions of Standard Model (SM) are considered (such as
adding a scalar singlet or an inert doublet and then impos-
ing a discrete Z2 symmetry that ensures the stability of the
dark matter candidate [14–34]). In the present work we con-
sider an extension of SM where a second Higgs doublet is
introduced in addition to the SM Higgs doublet. Though the
recent findings of CMS [35] and ATLAS [36] have con-
firmed the existence of a SM like scalar with mass 125 GeV,
possibility of having a second Higgs doublet accompanied
by the SM sector Higgs doublet is not ruled out. Such an
extension of SM sector including a second Higgs doublet
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is preferably known as two Higgs doublet model or THDM
[37]. The two Higgs doublet model is the most general non
supersymmetric extension of SM when another complex dou-
blet of same hypercharge is added to the SM. Also a dis-
crete symmetry is introduced between the Higgs doublets of
THDM to avoid flavour changing neutral current (FCNC)
processes [38]. In this work, we consider a singlet fermionic
dark matter candidate in THDM framework. Possibility of
a singlet scalar appearing in THDM to provide a feasible
DM candidate has been studied extensively in Refs. [39–
46]. The case of low mass scalar DM in the framework of
THDM has been presented in a recent work by [44]. Thus,
the dark matter candidate is the singlet fermion in our model.
We then explore the viability of this singlet fermion for
being a candidate of cold dark matter in the framework of
THDM. In a previous work [47], a minimal model of sin-
glet fermionic dark matter is proposed which is formulated
by adding a Lagrangian for the fermion to Standard Model
Lagrangian. The fermionic dark matter particle in this min-
imal model couples with the SM Higgs doublet through a
dimension five interaction term and a new physics scale  is
introduced. However this minimal model of fermionic dark
matter requires UV completion which can be achieved by
adding a singlet scalar to the minimal model. Phenomenolo-
gies of such renormalisible singlet fermionic dark matter
models with additional singlet scalar are explored in liter-
atures [48,49]. In the present work, however, we consider a
THDM with an additional singlet fermion which is treated as
the DM candidate. Previous work including fermionic dark
matter in THDM Ref. [41], is based on an ad-hoc assump-
tion that the singlet dark matter couples to the SM Higgs
(h) and does not couple to the other scalar H involved in
THDM. Based on this simple assumption the work by Cai
et al. [41] only explores the low mass dark matter region
(mDM ≤ 20 GeV). But in our case, the singlet fermion, which
is the DM candidate in the present model, couples to both
the Higgs doublets through a dimension five coupling when
a new physics scale  is introduced. Hence, DM candidate
in present scenario couples to both the scalar bosons h and
H of THDM. In addition the work by Cai et al. [41] con-
sidered only type II THDM without exploring the THDM
parameter space in the model and indirect detection of DM
candidate is not taken into account. However, in the present
work both THDM phenomenology and indirect DM detec-
tion for type I and type II THDM are explored. The stability
of such a dark matter is ensured either by assigning a dis-
crete Z′2 symmetry under which the singlet fermion is odd
and the THDM sector is even or by assigning the baryon
and lepton charge of the singlet fermion to be zero as taken
in Ref. [47]. In this work we explore the possibility that
within the framework of this model, the fermion (added to
the THDM) is a viable candidate for cold dark matter. We
evaluate its direct detection cross-section and relic density
and compare them with the experimentally obtained results.
The paper is organised as follows. In Sect. 2, we introduce
the model and describe the model parameters. The aspect of
possible collider physics phenomenology for the model is
addressed in Sect. 3. In Sect. 4 we calculate the relic den-
sity of the dark matter candidate in our proposed model. The
model parameters are constrained by comparing the calcu-
lated relic density with observational dark matter relic den-
sity data obtained from PLANCK experiments. Results for
the allowed parameter space obtained from the relic density
calculation are presented in Sect. 5. In Sect. 5.1, we calcu-
late the spin independent direct detection scattering cross-
section for different masses of the present dark matter can-
didate. The model parameters are then further constrained
by results obtained from dark matter direct detection experi-
ments. Using the model parameter space thus constrained, we
study the indirect DM search for chosen benchmark points
(BPs) in our model and compare them with the FGST (Fermi-
LAT) results in Sect. 5.2. In Sect. 6 we summarise the work
with concluding remarks and discussions.
2 The model
In the present work we add a singlet fermion χ with two
Higgs doublet model. The singlet fermion χ in the resulting
model, is the dark matter candidate. The Lagrangian for χ
can be written as
Lχ = χ¯ iγ μ∂μχ − m0χ¯χ. (1)
As mentioned earlier, the stability of χ can be confirmed
either by assigning zero lepton number and zero baryon num-
ber to the singlet fermion [47] or by assuming a Z′2 symmetry
under which χ is odd and the SM sector is even. The total
Lagrangian of the model in THDM framework can be written
as
L = LTHDM + Lχ + Lint, (2)
where Lint denotes the interaction Lagrangian. The two
Higgs doublet model potential is expressed as
V (1,2) = m21†11 + m22†22 + (m212†12 + h.c.)
+1
2
λ1(
†
11)
2 + 1
2
λ2(
†
22)
2
+λ3(†11)(†22) + λ4(†12)(†21)
+1
2
λ5[(†12)2 + h.c.], (3)
where both the doublet Higgs fields 1 and 2 have non zero
vacuum expectation values and a discrete symmetry (Z2) is
imposed between the doublet fields in order to avoid FCNC
processes. We consider a CP conserving two Higgs doublet
model potential where all the parameters expressed in Eq. (3)
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are assumed to be real. In addition, the imposed discrete sym-
metry Z2 will result in mainly four types of THDM namely
type I, type II, lepton specific and flipped THDM according to
the nature of the coupling of fermions with the doublet fields.
In the present work we consider type I and type II THDM and
construct the model. Thus the two scenarios that we consider
in this work are type I THDM + one singlet fermion and type
II THDM + one singlet fermion. Both the scenarios will give
rise to two charged Higgs fields (H±), two CP even scalar
fields (h, H ), one CP odd scalar (A) and three Goldstone
bosons (G±, G). The Higgs doublets 1 and 2 expressed
in terms of physical states of the particles are written as [50],
1 =
(
cβG+ − sβ H+
1√
2
(v1 + cα H − sαh + icβG − isβ A)
)
, (4)
2 =
(
sβG+ + cβ H+
1√
2
(v2 + sα H + cαh + isβG + icβ A)
)
, (5)
where tan β(= v2
v1
), is the ratio of the vacuum expectation
values v2 and v1 of the doublets 1 and 2 and α is the
measure of mixing between two CP even scalars. The terms
cx and sx (x = α, β) denote cos x and sin x respectively.
The scalar potential for the THDM as expressed in Eq. (3)
must be bounded from below for the stability of vacuum. The
conditions for a stable vacuum of THDM are
λ1, λ2 > 0, λ3 + 2
√
λ1λ2 > 0,
λ3 + λ4 − |λ5| + 2
√
λ1λ2 > 0.
Perturbative unitarity constraints for the THDM are also
taken into account. Bounds from the unitarity limits on
THDM parameters are adopted from [37].
The interaction Lagrangian, Lint of dark matter fermion
[Eq. (2)] with 1 and 2 doublet fields is given by
Lint = −g1

(
†
11)χ¯χ −
g2

(
†
22)χ¯χ, (6)
where  is a high energy scale and g1,2 are dimensionless
couplings with the doublet fields 1,2. Interaction of THDM
sector with the DM candidate can now be obtained easily
from Eqs. (2)–(6). Dark matter fermion couples to both the
physical Higgs particles h and H which are given by
gχ¯χh = v

(−g1 sin α cos β + g2 cos α sin β),
gχ¯χH = v

(g2 cos α cos β + g2 sin α sin β),
(7)
with  being a very large scale with respect to v. Hence the
couplings gχ¯χh and gχ¯χH are expected to be small. Using
Eqs. (1)–(7), mass of the singlet is expressed as
mχ = m0 + v2
( g1
2
cos2 α + g2
2
sin2 α
)
,
where v(=
√
v21 + v22), is 246 GeV. Note that the new
physics scale  determines the coupling of DM particle
to THDM sector and contributes significantly to the singlet
fermion mass. As mentioned earlier, the discrete Z2 symme-
try imposed between the Higgs doublets will result in four
different types of THDM. In this work we consider THDM
of type I and type II. In type I THDM, only one scalar dou-
blet (say 2) couples to the SM particles whereas in type II
THDM, up type quarks couple to one Higgs doublet and down
type quarks and leptons couple to the other. Higgs couplings
to up type quarks, down type quarks and leptons in case of
type I THDM are given as [38]
g f¯ f h = −i
gm f
2MW
cos α
sin β
, g f¯ f H = −i
gm f
2MW
sin α
sin β
, (8)
where f denotes all SM fermions (up quarks, down quarks
and leptons) respectively. In case of type II THDM, Yukawa
couplings are
gu¯uh = −i gmu
2MW
cos α
sin β
, gu¯uH = −i gmu
2MW
sin α
sin β
,
gd¯dh = −i
gmd
2MW
− sin α
cos β
, gd¯dH = −i
gmd
2MW
cos α
cos β
,
gl¯lh = −i
gml
2MW
− sin α
cos β
, gl¯lH = −i
gml
2MW
cos α
cos β
.
(9)
In the above, u corresponds to up type quarks (u, c, t), d
correspondns to down type quarks (d, s, b) and l represents
three families of leptons (e, μ, τ ) respectively. Couplings to
the gauge bosons (V = W, Z ) for THDM I and THDM II
are same and given by [38]
gWWh = igMW sin(β − α)gμν,
gWW H = igMW cos(β − α)gμν,
gZ Zh = ig MZ
cos θW
sin(β − α)gμν,
gZ Z H = ig MZ
cos θW
cos(β − α)gμν.
(10)
In Eqs. (8)–(10), mx (x = u, d, l etc) represents the mass
of quarks or leptons and MW and MZ denote the masses of
W and Z bosons respectively. In the present framework with
type I and type II THDM, we consider h to be SM like Higgs
boson with mass mh = 125 GeV and H as the non-SM Higgs
with mass mH .
3 Collider physics phenomenology
The existence of a scalar boson of mass 125 GeV has been
confirmed by Large Hadron Collider (LHC) [35,36]. In this
work we treat the new found scalar boson to be equivalent
to one of the CP even scalars (h) appearing in THDMs. We
further extend the model by including a possible fermionic
dark matter (FDM) candidate. This may necessarily affect the
phenomenology of collider physics. If the dark matter mass
is small (mχ ≤ mh/2) then one would expect an invisible
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decay of SM like Higgs boson (h) and the total decay width
will change depending on the coupling constant gχ¯χh and
other THDM parameters α, β. Since both the scalar bosons
in THDM couple with the DM fermion in the present frame-
work, it may change the standard bounds on THDM sector.
The signal strength of SM like Higgs boson (h) to a specific
channel for type I and type II THDM are given by
RI = σ
I
h
σ SM
BRI
BRSM
, RII = σ
II
h
σ SM
BRII
BRSM
, (11)
where
σ
I,II
h
σSM
represents the ratio of Higgs production cross-
section in type I as also in type II THDM with respect to that
for SM (σ SM is the SM Higgs production cross-section). The
branching ratio (BR) to any specific channel for the chosen
model and for SM are given by BRX , X = I, I I and BRSM.
The ratio
σXh
σSM
(X = I, I I ) in Eq. (11) for 125 GeV Higgs
boson can be expressed as
σ Xh
σ SM
= σt t f
2
t + σbb f 2b + σtb ft fb
σ SM
, (12)
where σt t , σbb are the Higgs production cross-sections from
top and bottom quarks respectively and σtb is the contribu-
tion from top-bottom interference. For the calculation of SM
Higgs signal strength, we have adopted the leading order
(LO) production cross-sections obtained from [51]. The fac-
tors ft , fb in Eq. (11) are the Yukawa couplings of SM
like Higgs (h) with top and bottom quarks for the specific
model normalised with respect to SM. For type I THDM,
ft = fb = cos αsin β and for type II THDM these factors are
given as ft = cos αsin β and fb = − sin αcos β . As defined earlier, α
is the mixing angle between the CP even scalars h and H
and β is given by the ratio of the VEVs v2 and v1 of Higgs
doublets 2 and 1 respectively (tan β = v2v1 ). ATLAS and
CMS experiments have measured the signal strengths of SM
Higgs (h) boson to different production channels such as
bb¯, τ τ¯ , γ γ, WW ∗, Z Z∗. The mean signal strengths of SM
Higgs to these channels measured by ATLAS and the best
fit value of combined signal strength of h given by CMS
experiment are found to be [52,53]
RATLAS = 1.23 ± 0.18, RCMS = 0.8 ± 0.14. (13)
In the present scenario with THDM, we have a non-SM Higgs
(H ) in addition to the SM scalar h. The signal strengths of
non-SM Higgs boson for type I and type II THDM are given
as
R′I =
σ IH
σ ′SM
BR′I
BR′SM
and R′II =
σ IIH
σ ′SM
BR′II
BR′SM
(14)
respectively, where σXH (X = I, II depending on the nature of
THDM considered) is the non-SM Higgs production cross-
section and BR′X is the branching ratio of H to any specific
channel. In Eq. (14), σ ′SM and BR′SM represent the produc-
tion cross-section and branching ratio of the non-SM Higgs
boson (H ) with mass mH . The modified non-SM Higgs pro-
duction cross-section ratio can be given as
σ XH
σ ′SM
= σ
′
t t f
′2
t + σ ′bb f ′2b + σ ′tb f ′t f ′b
σ ′SM
. (15)
Similar to Eq. (11), in Eq. (15) also, the factors f ′t , f ′b are
the SM normasiled Yukawa couplings of non-SM Higgs H
with top and bottom quarks. For the case of type I THDM,
f ′t = f ′b = sin αsin β , whereas those for type II THDM are
f ′t = sin αsin β and f ′b = cos αcos β . In the present work we con-
sider two values of non-SM Higgs mass and they are chosen
as mH = 150 and 200 GeV. The calculations are performed
for each of these chosen masses. We use the leading order
production cross-section (σ ′t t , σ ′bb, σ ′tb and σ ′SM ) obtained
from Ref. [51] for the chosenmH values in the work. Invisible
decay of the non-SM Higgs (for mχ ≤ mH/2) has also been
taken into account. Since no signature of additional Higgs has
been reported by ATLAS and CMS experiment, it is likely
to assume that the non-SM Higgs signal strength is negligi-
bly small compared to that of SM Higgs. Hence, throughout
the work, we restrict the signal strength for non-SM scalar
satisfying the condition R′X ≤ 0.2 (X = I, I I ). SM branch-
ing ratios for specific decay modes of SM Higgs (BRSM
with mass mh = 125 GeV) and non-SM Higgs (BR′SM for
mH = 150 and 200 GeV) are adopted from Ref. [54]. It is to
be mentioned that in this work we do not consider any ad-hoc
condition, e.g. by setting gχ¯χh = 0 or gχ¯χH = 0 [41] for the
SM like scalar (assuming sin(β − α) = ±1 when h is SM
like or sin(β − α) = 0 when H is SM like). In the present
formalism we consider the total allowed range of available
parameter space independent of these conditions and restrict
them by using limits on SM Higgs signal strength from CMS
and ATLAS [Eq. (13)].
4 DM annihilation and relic density
In order to evaluate the relic density of the fermionic dark
matter candidate proposed in this work one requires to solve
the Boltzmann equation [55]
dn
dt
+ 3Hn = −〈σv〉(n2 − n2eq) (16)
where n is the actual number density of the particle species,
H is the Hubble parameter and neq is the number density
at thermal equilibrium. An approximate expression for relic
density  or h2 (h = H/(100 km s−1 Mpc−1)) that can be
obtained from Eq. (16) is given by
DMh
2 = 1.07 × 10
9xF√
g∗MPl〈σv〉 (17)
123
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where xF = mχ/TF , g∗ is the effective degrees of freedom
and MPl = 1.22 × 1019 is the Planck mass. The particle
physics input to Eqs. (16)–(17) is the thermal averaged anni-
hilation cross-section 〈σv〉 and one needs to calculate this
quantity for the present fermionic dark matter candidate in
our model. The freeze out temperature TF (or xF ) in Eq. (17)
can be computed by iteratively solving the equation
xF = ln
⎛
⎝ mχ
2π3
√
45M2Pl
2g∗xF
〈σv〉
⎞
⎠ . (18)
The freeze out temperature thus obtained is then used to eval-
uate the relic density of the dark matter candidate χ in our
model. In order to solve for the freeze out temperature, it is
therefore essential to calculate the annihilation cross-section
of the dark matter candidate. Dark matter candidates in the
present model annihilate to SM particles through h or H
mediated s-channel processes. The total annihilation cross-
section σv can be expressed as a sum of the three terms
σv = (s − 4m2χ )
[
A
1
(s − m2h)2 + m2h2h
+B 1
(s − m2H )2 + m2H2H
+C 2(s − m
2
h)(s − m2H ) + 2mhmHhH
[(s − m2h)2 + m2h2h][(s − m2H )2 + m2H2H ]
]
.
(19)
In Eq. (19), h and H are decay widths of light Higgs (h)
and heavy Higgs particle (H ) respectively. We set the light
Higgs mass mh to be 125 GeV and consider each of the two
values of non-SM Higgs mass mH = 150 and 200 GeV. Thus
we assume mH > mh in the present work. The terms A, B
and C in the expression for σv [Eq. (19)] in case of THDM I
are given as (with summation convention imposed on quarks
and leptons)
A = g2χ¯χh
GF
4π
√
2
[
c2α
s2β
(Ncm
2
ui γ
3
ui + Ncm2di γ 3di + m2li γ 3li )
+1
2
s2β−αs
(
1 − xW + 3
4
x2W
)
γW
+1
4
s2β−αs
(
1 − xZ + 3
4
x2Z
)
γZ
]
, (20)
B = g2χ¯χH
GF
4π
√
2
[
s2α
s2β
(Ncm
2
ui γ
3
ui +Ncm2di γ 3di +m2li γ 3li )
+1
2
c2β−αs
(
1 − xW + 3
4
x2W
)
γW
+1
4
c2β−αs
(
1 − xZ + 3
4
x2Z
)
γZ
]
, (21)
and
C = gχ¯χhgχ¯χH GF
4π
√
2
[
cαsα
s2β
(Ncm
2
ui γ
3
ui + Ncm2di γ 3di
+m2li γ 3li ) +
1
2
sβ−αcβ−αs
(
1 − xW + 3
4
x2W
)
γW
+ 1
4
sβ−αcβ−αs
(
1 − xZ + 3
4
x2Z
)
γZ
]
. (22)
For type II THDM, the expressions for A, B and C are
A = g2χ¯χh
GF
4π
√
2
[
Ncm
2
ui
c2α
s2β
γ 3ui +Ncm2di
s2α
c2β
γ 3di + m2li
s2α
c2β
γ 3li
+1
2
s2β−αs
(
1 − xW + 3
4
x2W
)
γW
+ 1
4
s2β−αs
(
1 − xZ + 3
4
x2Z
)
γZ
]
, (23)
B = g2χ¯χH
GF
4π
√
2
[
Ncm
2
ui
s2α
s2β
γ 3ui +Ncm2di
c2α
c2β
γ 3di +m2li
c2α
c2β
γ 3li
+1
2
c2β−αs
(
1 − xW + 3
4
x2W
)
γW
+ 1
4
c2β−αs
(
1 − xZ + 3
4
x2Z
)
γZ
]
, (24)
C = gχ¯χhgχ¯χH GF
4π
√
2
[
Ncm
2
ui
sα
sβ
cα
sβ
γ 3ui
−Ncm2di
cα
cβ
sα
cβ
γ 3di − m2li
cα
cβ
sα
cβ
γ 3li
+1
2
cβ−αsβ−αs
(
1 − xW + 3
4
x2W
)
γW
+1
4
cβ−αsβ−αs
(
1 − xZ + 3
4
x2Z
)
γZ
]
. (25)
In all the above expressions [Eqs. (20)–(25)]γa =
(
1 − 4m2as
) 1
2
(a = u, d, l, W, Z ), XB = 4m
2
B
s and Nc = 3 for quarks.
Thermal average of pair annihilation cross-section of DM to
SM particles is given by
〈σv〉 = 1
8m4χTF K
2
2 (mχ/TF )
×
∫ ∞
4m2χ
ds σ(s) (s − 4m2χ )
√
sK1(
√
s/TF ), (26)
where K1 and K2 are modified Bessel function. Using Eqs.
(19)–(26), the annihilation cross-section 〈σv〉 of DM candi-
date into SM particles is evaluated for both type I and type
II THDM. We first solve for the freeze out temperature TF
using Eq. (18). The relic density DMh2 of dark matter is
obtained by solving Eq. (17) in order to satisfy dark mat-
ter relic density obtained from PLANCK experimental value
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Fig. 1 Allowed sin α-tan β parameter space for type I THDM consis-
tent with RCMS within the framework of present DM model (a). Green
and blue coloured regions are for mH = 150 and 200 GeV respectively.
Similar plots for the case of type II THDM is shown in b. Valid parame-
ter space in type II THDM satisfying RATLAS only is depicted in c. The
computation for all the plots are performed with the constrained range
of model parameter space values which produce required DM relic den-
sity consistent with PLANCK results. For all the plots the constrained
R′I,I I is respected
DMh2 = 0.1199 ± 0.0027 [1]. The DM relic density is
computed with the chosen model parameters such that1
mχ ≤ 300 GeV,
10−4 ≤ |gχ¯χh | ≤ 0.1,
10−4 ≤ |gχ¯χH | ≤ 0.1,
− π/2 ≤ α ≤ π/2,
1 ≤ tan β < 30.
(27)
As mentioned earlier, the calculation of dark matter relic
density is performed for two values of non-SM scalar mass
mH taken to be 150 and 200 GeV. We further constrain the
model parameter space using the bounds for SM Higgs sig-
nal strength as obtained from ATLAS and CMS experiments
(Sect. 3) as also using the bounds on the signal strength of
H (R′I,I I ≤ 0.2).
5 Results
In this section we present the results for our fermionic dark
matter in type I and type II THDM. We first obtain the
relic density of the DM candidate by solving the Boltz-
mann equation [Eq. (16)]. The Boltzmann equation is solved
by using the range of parameter space given in Eq. (27)
and the relic density of the fermionic dark matter in the
present model is then calculated. The comparison with the
PLANCK’s result for DM relic density, constrains the param-
eter space of the model considered in this work. The signal
1 We have checked that in order to satisfy the PLANCK results, these
ranges of the parameters suffice.
strength RX (X = I, II; I, II correspond to type I and type II
THDM respectively) for the SM Higgs h is computed with
the parameter space restricted by PLANCK results. As men-
tioned earlier, we also compute the signal strength R′X , the
signal strength of the other Higgs H and its value is kept
in the limit R′X ≤ 0.2. The calculated values of both RI
and RII are compared with the CMS and ATLAS limits for
the SM signal strength. Thus the parameter space is further
constrained by the CMS and ATLAS results. In Fig. 1a–c
we show the allowed parameter space in sin α-tan β plane
for fermionic dark matter for each of type I and type II
THDM scenarios extended with FDM. The plots in Fig. 1
are obtained for two values of H mass namely mH = 150
and 200 GeV. In Fig. 1a the variations of sin α with tan β for
FDM extended type I THDM are shown.We found that for
type I THDM along with FDM fails to satisfy the combined
signal strength as predicted by ATLAS (RATLAS). Hence in
Fig. 1a, only the constraints from CMS experimental results
(for signal strength, i.e. RCMS) are imposed. The blue and
green scattered regions in Fig. 1a–c represent the respective
allowed parameter space when mH is chosen to be 150 and
200 GeV respectively. It can also be observed from Fig. 1a
that increase in the mass of the other scalar H associated
with the model results in considerable reduction in the over-
all allowed THDM parameter space. In Fig. 1b we plot the
available region of sin α-tan β plane for the case of fermionic
dark matter in type II THDM consistent with the PLANCK
relic density as also SM Higgs signal strength RCMS given in
Eq. (13) with R′II ≤ 0.2. Similar allowed regions but RCMS
replaced with RATLAS (ATLAS bound) are shown in Fig. 1c
for type II THDM scenario. For type II THDM, we use the
same colour convention as used in the case of type I THDM
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(Fig. 1a) to show the valid region of parameter space for
mH = 150 and 200 GeV. Comparison of the plots in Fig. 1b,
c with the type I THDM case (Fig. 1a) clearly shows that
there is less allowed parameter space available for type II
THDM. It is to be noted that for type II THDM involving
FDM is in agreement with both the combined (for all five
channels namely bb¯, τ τ¯ , γ γ, WW ∗, Z Z∗) signal strengths
RCMS and RATLAS as predicted independently by CMS and
ATLAS experimental results. Note that, for the case of type II
THDM shown in Fig. 1b, c too, the available region of sin α-
tan β plane decreases with increase of the mass of H which
is similar to the trend observed for type I THDM formalism
(Fig. 1a).
5.1 Direct detection measurements
We further restrict the allowed parameter space of our
model with the direct detection experimental bounds on DM-
nucleon scattering cross-section. Direct detection of dark
matter utilises the phenomenon of a possible elastic scat-
tering off a nucleus of detecting material. In order to enable
a uniform comparison of experimental results from differ-
ent dark matter experiments with different detecting materi-
als, the experimentally obtained DM-nucleus elastic scatter-
ing cross-section (σscat) is reduced to DM-nucleon scattering
cross-section. The experimental results are then expressed as
the allowed region in mχ−σ nucleonscat plane. This elastic scatter-
ing cross-section can be spin independent (SI) or spin depen-
dent (SD), depending on the ground state spin of detector
nucleus. The elastic scattering of the dark matter particle off
the target causes the recoil of the target nucleus. This recoil
energy is measured in the experiment and allowed region in
the plane of scattering cross-section and dark matter mass
is then obtained. The spin independent dark matter-nucleon
elastic scattering cross-section for in the present model is
given as
σSI 	 m
2
r
π
(
gχ¯χhgN Nh
m2h
+ gχ¯χHgN N H
m2H
)2
. (28)
In the above, mr is the reduced mass = mχmNmχ+mN , where mN
is the mass of the scattering nucleon (proton or neutron) and
gN Nx (x = h or H ) denotes the effective Higgs nucleon
couplings expressed as [56]
gN Nh 	 (1.217khd + 0.493khu ) × 10−3,
gN N H 	 (1.217kHd + 0.493kHu ) × 10−3.
(29)
For the case of THDM I, parameters khu and k
h
d in Eq. (29)
are given as
khu = khd =
cos α
sin β
, kHu = kHd =
sin α
sin β
. (30)
and for the case of THDM II these parameters are
khu =
cos α
sin β
, khd = −
sin α
cos β
, kHu =
sin α
sin β
, kHd =
cos α
cos β
.
(31)
Using Eqs. (28)–(31), we compute σSI for the DM candidate
within the framework of our chosen specific model in this
work and compare them with the latest limits for σSI and mχ
(in σSI −mχ plane) given by recent dark matter direct detec-
tion experiments namely XENON100 [7] and LUX [8].2 In
Fig. 2a–f we plot the variation of DM-nucleon scattering
cross-section σSI with DM mass (mχ ) for the cases of both
type I and type II THDM. The red and blue lines shown
in Fig. 2a–f are the limits on DM-nucleon cross-section
obtained from XENON100 and LUX. The calculations are
performed with the parameter space (such as couplings etc.)
of the present model which has already been constrained by
PLANCK results and collider bounds (Fig. 1a–c). Thus the
resulting mχ − σSI parameter space is in agreement with
the bounds from Higgs signal strength (RCMS,ATLAS), lim-
its on the signal strength on extra Higgs scalar of THDM
(R′I,II ≤ 0.2) and also satisfies DM relic density predicted
by PLANCK. Shown in Fig. 2a, b are the mχ − σSI param-
eter space of DM candidate in type I THDM framework for
mH = 150 and 200 GeV respectively. Needless to mention,
parameters used in these two plots are restricted by RCMS ,
R′I and PLANCK. It is to be noted from Fig. 1a that observa-
tional results of Higgs signal strength (Fig. 1a) indicate that
there is no valid parameter space in type I THDM associated
with our fermionic dark matter that corresponds to RATLAS.
It is clear from Fig. 2a, b that due to the presence of an extra
scalar in the model along with SM Higgs, an extra pole is
likely to appear in the mass range mχ ∼ mH/2 with the
normal SM Higgs pole occurring near mχ ∼ mh/2. This
scenario also holds for the case of type II THDM as well.
Study of the plots in Fig. 2a, b reveals that the fermionic DM
particle χ in type I THDM can serve as a viable candidate
of dark matter with a sufficient allowed parameter space that
is in agreement with latest DM direct detection experimental
results of XENON100 and LUX. Similarly using the allowed
parameter space obtained in Fig. 1b, c (constrained by DM
relic density, combined Higgs signal strength (RCMS,ATLAS)
and bound on additional Higgs signal (R′II)), we plot the
viable parameter space in mχ − σSI plane for DM in type
II THDM (Fig. 2c–f). In Fig. 2c, d, the available mχ − σSI
spaces for two values of the scalar mass H , mH = 150 and
200 GeV respectively are shown. Each of these plots satisfies
the model parameter space constrained by PLANCK, RCMS
and R′II. Analogous plots are obtained in Fig. 2e, f but here
only RATLAS is taken into account instead of RCMS. It is obvi-
ous from Fig. 2c–f, that the region of allowed mχ −σSI space
2 Both the experiments use liquid Xenon as detection material.
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Fig. 2 a and b shows the mχ −σSI parameter space for FDM in type I
THDM is allowed by PLANCK relic density and collider bounds plot-
ted using RCMS for mH = 150 and 200 GeV. Similar plots in mχ − σSI
plane with type II THDM are shown in c and d whereas the plots in e and
f are in agreement with RATLAS. All the results in a–f also satisfy the
bounds from DM relic density and R′I,I I ≤ 0.2. The red and blue lines
are respective bounds on DM-nucleon scattering cross-section from
XENON100 and LUX DM direct search experiments
depends on the mass of the additional scalar H . Figure 2c–f
also shows that a considerable portion of DM-nucleon scat-
tering cross-section σSI of the DM candidate χ in type II
THDM lies in the allowed region set by XENON100 and
LUX direct detection experiments. Hence, fermionic dark
matterχ appearing in type II THDM can be treated as a poten-
tial candidate for dark matter. It is also seen from Fig. 2a–f
that as we do not involve any condition on DM-Higgs cou-
pling [such as gχ¯χh = 0 or gχ¯χH = 0 [41]] for SM like
scalar, the low mass region of dark matter appearing in [41]
(mχ ≤ 40 GeV) is excluded.
5.2 Indirect search of dark matter: gamma-ray flux
calculation
In indirect detection of dark matter, the experiments look for
excess signature of γ -ray, neutrino, positron and anti-proton
flux that might have originated from the annihilation of dark
matter candidate into SM particles. In this section, we study
such excess γ -ray flux from the Galactic Centre (GC) region
observed by Fermi-LAT (or FGST) [57] assuming that the
excess γ -ray is produced by the process of dark matter pair
annihilation at GC. We consider the particle dark matter can-
didate is the fermionic dark matter χ in the present frame-
work. In previous works [58,59] this γ -ray is reported to be
in the range 1–10 GeV and it was explained by considering
the annihilation of 10 GeV dark matter at GC. In order to
investigate whether our proposed fermionic DM candidate χ
in both type I and type II THDM can account for the observed
γ -ray excess originating from the inner galaxy (50 surround-
ing the GC), we first calculate the γ flux in inner galactic
region produced from the annihilation of DM candidate χ .
We then add to it the γ -ray flux arising out of the known
sources present in the inner galaxy (galactic ridge and point
source emission) and compare the resultant γ flux with the
FGST observations of GC gamma-ray flux within the inner
50 region. The flux for the galactic ridge and point sources of
γ -ray emission are obtained from Refs. [60–63]. The differ-
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Table 1 Benchmark points (BPs) for type I and type II THDM asso-
ciated with FDM used to produce the plots in Fig. 3a–d. BP1 and BP2
correspond to type I THDM for mH = 150 and 200 GeV respectively
while BP3 and BP4 signify the adopted benchmark points for type II
THDM with mH = 150 and 200 GeV respectively
THDM BP mH in GeV mχ in GeV gχ¯χh gχ¯χH sin α tan β σSI in cm2 〈σv〉bb¯ cm3/s 〈σv〉WW cm3/s 〈σv〉Z Z cm3/s
I 1 150.0 55.0 −4.00e−02 −9.00e−02 −0.545 2.05 4.14e−48 1.62e−26 1.79e−34 1.691e−37
2 200.0 90.0 2.00e−03 1.00e−02 −0.399 28.63 1.08e−48 3.43e−29 1.10e−26 5.52e−27
II 3 150.0 70.0 −2.00e−02 2.00e−02 −0.375 2.90 2.87e−46 1.70e−26 3.46e−29 5.53e−32
4 200.0 85.0 4.00e−02 −4.00e−02 −0.252 4.70 3.43e−46 1.410e−26 1.653e−27 3.58e−28
ential gamma-ray flux produced at GC from the annihilation
of DM particles in a direction that subtends a solid angle d
is given as [64]
dγ
ddEγ
= rρ
2
8πm2χ
J
∑
f
〈σv〉 f
dN
dEγ
, (32)
where r = 8.5 kpc is the distance of the Sun from GC
and ρ = 0.3 GeV cm−3 is the local DM density at solar
neighbourhood. In Eq. (32), dNdEγ
is the photon spectrum per
annihilation of DM into final state f with annihilation cross-
section 〈σv〉 f . The astrophysical factor J for annihilating
DM, is given by the relation (withρ(r)) denoting halo density
profile)
J =
∫
l.o.s.
ds
r
ρ2(r(s, θ))
ρ2
, (33)
In the above, the line of sight integral has been performed
over an angle θ . In Eq. (33), θ is the angle between the line
from earth to GC and the direction of line of sight at a distance
r
(
r =
√
r2 + s2 − 2rs cos θ
)
from GC. The gamma-ray
flux originating from an extended region with solid angle 
takes the form
dγ
dEγ
= rρ
2
8πm2χ
J¯
∑
f
〈σv〉 dN
dEγ
, (34)
where J¯ is the J factor averaged over a soild angle  and
is expressed as
J¯ = 2π

∫
dθ sin θ J (θ), (35)
with
 =
∫ θmax
θmin
dθ sin θ. (36)
In the present work we consider two different DM halo den-
sity profiles namely Navarro–Frenk–White (NFW) [65] pro-
file and Einasto (Ein) [66] profile. These density profiles are
written in the form
ρN FW (r) = ρs rs
r
(
1 + r
rs
)−2
,
ρEin = ρsexp
(
− 2
α
[(
r
rs
)α
− 1
])
. (37)
We have used the numerical values of parameters rs and
ρs for the above halo profiles from Ref. [64]. The chosen
values for ρs in Eq. (37) are normalised to produce local
DM density ρ = 0.3 GeV cm−3 at r = r. For the case
of Einasto profile, a steeper halo profile with α = 0.11
(instead of usual value (α = 0.17)) is recommended [67]
when contribution from baryons are also taken into account.
This modified Einasto profile with α = 0.11 (more generally
known as EinastoB or EiB) is chosen in this work. Using
Eqs. (32)–(37), we calculate the gamma-ray flux resulting
from the annihilation of DM candidate χ in our model (type
I and type II THDM) from the inner 50 of GC for a chosen
set of benchmark points (BPs) given in Table 1. We con-
sider two benchmark points for each of the type I and type II
THDM cases with mH = 150 and 200 GeV. These BPs are
in agreement with the bounds from DM relic density given
by PLANCK experiment, signal strength of SM scalar from
LHC, the adopted bound on the signal strength of non-SM
scalar (R′x ≤ 0.2) and direct detection constraints from LUX.
We now calculate the gamma-ray flux for the benchmark
points considered in Table 1 and compare with the observed
gamma-ray flux obtained from FGST data [57].3 The cal-
culated γ -ray flux for the benchmark points considered are
plotted in Fig. 3a–d. As mentioned earlier, the calculations
are performed for both NFW and EiB dark matter density
profiles. The total γ -ray flux are then obtained by adding
the calculated flux for dark matter annihilation in GC region
(either with NFW or with EiB profile) with the galactic ridge
and point source data. Therefore, for each plots (a–d) of Fig. 3
we show two results for total γ -ray flux (from DM anni-
3 It is to be noted that for the allowed mχ -σSI plane shown in Fig. 2a–f,
the scattering cross-section σSI could become less than 10−48 cm2 and
overlap with the cosmic neutrino scattering region. Direct detection of
DM would be difficult in this region. To avoid this we have chosen the
BP’s in Table 1 carefully such that σSI ≥ 10−48 cm2 but consistent with
the upper bounds given by XENON100 and LUX.
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Fig. 3 Comparison of the observed gamma-ray flux obtained from FGST with the resultant gamma-ray flux as generated using the BPs in Table 1
for the case of fermionic dark matter in type I and type II THDM
hilation + galactic ridge + point sources) that correspond
to NFW and EiB profiles and compare both of them with
the Fermi-LAT experimental data points (with error bars) in
Fig. 3a–d. Also plotted in Fig. 3a, b the contribution to the
γ -ray flux from galactic ridge and point sources separately.
The calculational results shown in Fig. 3a, b correspond to
the first set of benchmark points BP1 and BP2 respectively
chosen for type I THDM. Figure 3a, b shows the results for
mH = 150 and 200 GeV respectively. For type II THDM
the set of benchmark points BP3 (mH = 150 GeV) and BP4
(mH = 200 GeV) are adopted and the corresponding results
are shown in Fig. 3c, d respectively (Table 1, lower part).
Comparison of the plots a and b of Fig. 3 reveals that in case
of our proposed fermionic dark matter in type I THDM sce-
nario, the experimental data are best satisfied when we choose
the non-SM Higgs mass mH to be 150 GeV and consider
Einasto B (EiB) profile in our calculations. For the choice
of mH = 200 GeV in type I THDM case however the total
flux calculated with either of the NFW or EiB profiles do not
agree at all with the experimental data. Similar plots with
BP 3 and BP 4 that correspond to type II THDM are shown
in Fig. 3c, d. Plots in Fig. 3c, d show that in the case of
our fermionic dark matter in type II THDM too, total γ -ray
flux generated using EiB profile is in good agreement with
the observed data when compared to those calculated using
NFW profile. Finally, γ -ray produced by the annihilation of
our proposed fermionic dark matter in the mass range ∼ 50–
90 GeV (in type I and type II THDM) can best explain the
experimentally observed γ -ray excess from GC. In Table 1
we tabulate the thermally averaged annihilation cross-section
for DM annihilating into bb¯, W+W− and Z Z channels along
with model parameters. From BPs in Table 1 one observes
that for BP1 and BP3, DM mainly annihilates into bb¯. For the
case of BP2 (with mχ = 90 GeV) the W+W− channel dom-
inates over other annihilation channels thereby reducing the
γ -ray flux produced for BP2. For BP4 (mχ = 85 GeV), DM
annihilating into bb¯ is dominant although W+W− channel
also contributes (nearly 10 % of 〈σv〉bb¯). Study of annihila-
tion channels shows that for DM with smaller masses (BP1
and BP3) primarily tends to annihilate into bb¯ but with the
increase in DM mass other annihilation channels will open
up and contributes significantly.
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Fig. 4 Inner galaxy gamma ray flux obtained using BPs of Table 1 for fermionic DM in type I and type II THDM compared with the observed
Fermi-Lat data [77]
We also like to add that recent analysis of Fermi-LAT
data for gamma rays from inner galaxy has reported an
excess of γ -rays from Galactic Centre region [68–77] in
the energy range 1–3 GeV. Since no astrophysical phenom-
ena can explain this excess, the annihilation of DM at the
GC region could be responsible for the same [77–85]. Many
different particle physics models for dark matter candidate
have been proposed and explored in order to explain this 1–
3 GeV γ -ray excess [86–99]. In this work, we also explore
in the framework of our model, whether the present sin-
glet fermionic dark matter in type I and type II THDM can
explain this GC gamma ray excess. We calculate the GC γ -
ray flux obtained from the annihilation of our fermionic DM
in this present framework. In doing this we use the benchmark
points for the fermionic dark matter discussed earlier. The
two dark matter halo profiles namely the NFW and EiB halo
profiles as mentioned above are also used in order to explain
the 1–3 GeV γ -ray excess from GC. Shown in Fig. 4a–d, the
results and their comparisons with data points. In the plots
of Fig. 4a–d, the experimental data points are shown in red
whereas the green and blue lines represent the calculational
results for the benchmark points for the cases with NFW and
EiB halo profile respectively.4 In Fig. 4a, b we plot γ -ray
flux produced due to DM annihilation using BP’s adopted
for type I THDM scenario (i.e., BP1 and BP2) with mH =
150 and 200 GeV. From Fig. 4a, b, it can be observed that
for type I THDM the excess of γ -ray produced using BP1
is in better agreement with the experimental results com-
pared to the case with BP2 when EiB profile is considered.
Similar plots for the case of type II THDM are shown in
Fig. 4c, d. In case of type II THDM, we found that the excess
in γ -ray obtained for BP3 with EiB halo profile is in good
agreement with the experimental results of Fermi-LAT in
comparison to the results when BP4 is chosen. For both type
I and type II THDM framework with singlet fermion the cal-
culated gamma flux using NFW profile with BP’s are not
compatible with the observed results of Fermi-LAT.
4 All the plots are presented in logarithmic scale. Hence only data points
with positive flux values are considered.
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6 Discussions and conclusions
In this work we consider a singlet fermion dark matter in a
framework of two Higgs doublet model. We have explored
the viability of such a fermionic dark matter in two dif-
ferent types of THDMs namely THDM I and THDM II
and assumed that the new found scalar boson at LHC is
one of the two CP even Higgs appearing in THDM. The
fermionic dark matter candidate χ in our model couples to
the CP even Higgs-scalars appearing in THDM with a non-
renormalisable dimension five interaction. Hence, DM in the
present model can undergo the process of annihilation into
SM particles through Higgs mediated channels. We solve
the Boltzmann equation for the DM candidate χ to calcu-
late the DM relic density for the case of type I and type II
THDM. We have constrained the model parameter space by
PLANCK relic density criterion for dark matter, bounds on
the SM Higgs signal strength obtained from LHC experi-
ments (CMS and ATLAS) and latest direct detection limits
on DM-nucleon scattering cross-section from XENON100
and LUX results. Since both the models (type I and type
II THDM) involve an extra Higgs boson (H ), additional
bounds on the signal strength of non-SM scalar due to its
non-observance are also taken into account. Study of the
model parameters reveals that an increase in the mass of
H (mH ) will result in a decrease in the valid parameter
space for both the THDM’s considered. The present anal-
ysis indicates that the fermionic DM χ in THDM I and II
framework (as considered in the work) can be treated as
a possible dark matter candidate satisfying the bounds on
DM relic density, direct detection and Higgs signal strength
results from CMS and ATLAS. We further test the viability
of our model by investigating whether the DM in present
mechanism can produce the observed GC gamma-ray flux
predicted by FGST. We have chosen two sets of bench-
mark points, each of one for type I and type II THDM
scenarios. We also consider two dark matter halo profiles
namely NFW and Einasto B. We calculate the γ -ray flux
originating from DM annihilation for these chosen bench-
mark points. Comparison of the observed FGST γ -ray flux
with those obtained from the BPs in our model suggests that
the fermionic DM candidate χ in our framework can better
explain the GC γ -ray if Einasto B halo profile is considered.
The present framework of THDM excludes the low mass
regime explored in the work [41] when the ad-hoc assump-
tion on the DM-Higgs coupling is relaxed. This also holds for
the case of scalar or vector dark matter candidate explored
in the work [41]. We have found that instead of a low mass
DM ∼10 GeV, the fermionic DM in the present scenario in
the mass range 50 ≤ mχ ≤ 90 GeV can also provide a
plausible explanation to the GC γ -ray observed by Fermi-
LAT.
Throughout the work we have considered an effective the-
ory approach of dark matter in THDM farmework assuming
a dimension five non-renormalisable interaction of DM can-
didate χ with the THDM scalar doublets. This non renor-
malisable interaction invokes a new physics scale  similar
to the case of minimal fermionic dark matter model [47].
Hence, the present model is not UV complete. UV com-
pletion of this model can simply be obtained by removing
the dimension five couplings within the model and intro-
ducing a singlet scalar making the theory renormalisable (as
illustrated in literatures [48,49]). However, adding a singlet
scalar to the THDM will change the scalar potential of the
model. This new model of THDM with scalar singlet and
fermionic dark matter will provide three Higgs like particles
and also an extra resonance region apart from the THDM
scalar resonances for the DM candidate. Direct detection
of DM candidate in this model will also include all three
Higgs likes states and will be modified accordingly. Integrat-
ing out the newly introduced scalar field is inconvenient as
the information about the scalar resonance region will be lost
and direct detection results of DM-nucleon scattering will
change. Hence the study of fermionic dark matter in THDM
with additional singlet scalar will lead to a different Higgs
and DM phenomenology compared to the present framework
(fermionic DM in THDM) and is not considered in this work.
Detailed study of the model (THDM with singlet scalar and
fermionic dark matter) is interesting and may provide other
perspectives of DM phenomenology.
OpenAccess This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.
Funded by SCOAP3.
References
1. P. Ade et al. [Planck Collaboration], Astron.Astrophys. 571, A16
(2014). arXiv:1303.5076 [astro-ph.CO]
2. Z. Ahmed et al. [CDMS Collaboration], Phys. Rev. Lett. 106,
131302 (2011)
3. R. Agnese et al. [CDMS Collaboration]. arXiv:1504.05871 [hep-
ex]
4. R. Bernabei et al. [DAMA Collaboration], Eur. Phys. J. C 56, 333
(2008)
5. R. Bernabei et al. [DAMA and LIBRA Collaborations], Eur. Phys.
J. C 67, 39 (2010)
6. R. Bernabei et al. [DAMA Collaboration], Eur. Phys. J. C 74, 3196
(2014)
7. E. Aprile et al. [XENON100 Collaboration], Phys. Rev. Lett. 109,
181301 (2012)
8. D.S. Akerib et al. [LUX Collaboration]. arXiv:1310.8214 [astro-
ph.CO]
123
Eur. Phys. J. C (2015) 75 :364 Page 13 of 13 364
9. M. Ackermann et al. [LAT Collaboration], Phys. Rev. D 86, 022002
(2012)
10. M. Aguilar et al. [AMS Collaboration], Phys. Rev. Lett. 110,
141102 (2013)
11. A. Abramowski et al. [H.E.S.S. Collaboration] Phys. Rev. Lett.
110, 041301 (2013)
12. J. Albert et al. [MAGIC Collaboration], Astrophys. J. 674, 1037
(2008)
13. J. Chang et al. [ATIC Collaboration], Nature 456, 362 (2008)
14. V. Barger, P. Langacker, M. McCaskey, M.J. Ramsey-Musolf, G.
Shaughnessy, Phys. Rev. D 77, 035005 (2008)
15. S. Andreas, T. Hambye, M.H.G. Tytgat, JCAP 0810, 034 (2008)
16. X.-G. He, T. Li, X.-Q. Li, J. Tandean, H.-C. Tsai, Phys. Lett. B
688, 332 (2010)
17. A. Bandyopadhyay, S. Chakraborty, A. Ghosal, D. Majumdar,
JHEP 1011, 065 (2010)
18. S. Andreas, C. Arina, T. Hambye, F.-S. Ling, M.H.G. Tytgat, Phys.
Rev. D 82, 043522 (2010)
19. A. Biswas and D. Majumdar. arXiv:1102.3024 [hep-ph]
20. Y. Mambrini, Phys. Rev. D 84, 115017 (2011)
21. E. Ma, Phys. Rev. D 73, 077301 (2006)
22. L. Lopez Honorez, E. Nezri, J.F. Oliver, M.H.G. Tytgat, JCAP
0702, 028 (2007)
23. D. Majumdar, A. Ghosal, Mod. Phys. Lett. A 23, 2011 (2008)
24. M. Gustafsson, E. Lundstrom, L. Bergstrom, J. Edsjo, Phys. Rev.
Lett. 99, 041301 (2007)
25. Q.-H. Cao, E. Ma, G. Rajasekaran, Phys. Rev. D 76, 095011 (2007)
26. E. Lundstrom, M. Gustafsson, J. Edsjo, Phys. Rev. D 79, 035013
(2009)
27. E. Nezri, M.H.G. Tytgat, G. Vertongen, JCAP 0904, 014 (2009)
28. S. Andreas, M.H.G. Tytgat, Q. Swillens, JCAP 0904, 004 (2009)
29. C. Arina, F.-S. Ling, M.H.G. Tytgat, JCAP 0910, 018 (2009)
30. L. Lopez Honorez, C.E. Yaguna, JHEP 1009, 046 (2010)
31. D. Borah, J.M. Cline, Phys. Rev. D 86, 055001 (2012)
32. A. Biswas, D. Majumdar, A. Sil and P. Bhattacharjee.
arXiv:1301.3668 [hep-ph]
33. A. Arhrib, Y. -L. S. Tsai, Q. Yuan and T. -C. Yuan. arXiv:1310.0358
[hep-ph]
34. D.G.E. Walker. arXiv:1310.1083 [hep-ph]
35. S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716, 30
(2012)
36. G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012)
37. G.C. Branco, P.M. Ferreira, L. Lavoura, M.N. Rebelo, M. Sher and
J. Silva. arXiv:1106.0034
38. J.F. Gunion, H.E. Haber, G.L. Kane, S. Dawson, Front. Phys. 80,
1 (2000)
39. M. Aoki, S. Kanemura, O. Seto, Phys. Lett. B 685, 313 (2010)
40. X.-G. He, J. Tandean, Phys. Rev. D 88, 013020 (2013)
41. Y. Cai, T. Li, Phys. Rev. D 88, 115004 (2013)
42. N. Okada, O. Seto, Phys. Rev. D 89, 043525 (2014)
43. P. Ko and C. Yu. arXiv:1406.1952 [hep-ph]
44. A. Drozd, B. Grzadkowski, J.F. Gunion, Y. Jiang, JHEP 1411, 105
(2014)
45. N. Okada, O. Seto, Phys. Rev. D 90, 083523 (2014)
46. R. Martinez, J. Nisperuza, F. Ochoa, J.P. Rubio and C.F. Sierra.
arXiv:1411:1641 [hep-ph]
47. Y.G. Kim, K.Y. Lee, Phys. Rev. D 75, 115012 (2007)
48. S. Baek, P. Ko, W.I. Park, JHEP 1202, 047 (2012). arXiv:1112.1847
[hep-ph]
49. S. Baek, P. Ko, W.I. Park, E. Senaha, JHEP 1211, 116 (2012).
arXiv:1209.4163 [hep-ph]
50. P.M. Ferreira, R. Santos, M. Sher, J.P. Silva, Phys. Rev. D 85,
077703 (2012)
51. R. Harlander, M. Mühlleitner, J. Rathsman, M. Spira and O. Stål.
arXiv:1312.5571 [hep-ph]
52. G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 726, 88 (2013)
53. [CMS Collaboration], CMS PAS HIG-13-005
54. A. Denner et al., Eur. Phys. J. C 71, 1753 (2011)
55. E.W. Kolb, M. Turner, The Early Universe (Westview Press, Boul-
der, 1990)
56. X.-G. He, T. Li, X.-Q. Li, J. Tandean, H.-C. Tsai, Phys. Rev. D 79,
023521 (2009)
57. W.B. Atwood et al. [Fermi/LAT Collaboration], Astrophys. J. 697,
1071 (2009). arXiv:0902.1089 [astro-ph.IM]
58. D. Hooper, T. Linden, Phys. Rev. D 84, 123005 (2011).
arXiv:1110.0006 [astro-ph.HE]
59. D. Hooper, Phys. Dark Univ. 1, 1 (2012). arXiv:1201.1303 [astro-
ph.CO]
60. F. Aharonian et al., H.E.S.S. Collaboration. Nature 439, 695 (2006).
arXiv:astro-ph/0603021
61. D. Hooper, L. Goodenough, Phys. Lett. B 697, 412 (2011).
arXiv:1010.2752 [hep-ph]
62. A. Boyarsky, D. Malyshev, O. Ruchayskiy, Phys. Lett. B 705, 165
(2011). arXiv:1012.5839 [hep-ph]
63. M. Chernyakova, D. Malyshev, F.A. Aharonian, R.M. Crocker, D.I.
Jones, Ap. J. 726, 60C (2011)
64. M. Cirelli, G. Corcella, A. Hektor, G. Hutsi, M. Kadastik et al.,
JCAP 1103, 051 (2011)
65. J.F. Navarro, C.S. Frenk, S.D. White, Astrophys. J. 462, 563 (1996)
66. J. Einasto, Trudy Inst. Astroz. Alma-Ata 51, 87 (1965)
67. P.B. Tissera, S.D.M. White, S. Pedrosa, C. Scannapieco, Mon. Not.
Roy. Astron. Soc. 406, 922 (2010)
68. L. Goodenough and D. Hooper. arXiv:0910.2998 [hep-ph]
69. D. Hooper, L. Goodenough, Phys. Lett. B 697, 412 (2011)
70. A. Boyarsky, D. Malyshev, O. Ruchayskiy, Phys. Lett. B 705, 165
(2011)
71. D. Hooper, T. Linden, Phys. Rev. D 84, 123005 (2011)
72. K.N. Abazajian, M. Kaplinghat, Phys. Rev. D 86, 083511 (2012)
73. C. Gordon, O. Macias, Phys. Rev. D 88, 083521 (2013)
74. D. Hooper, T.R. Slatyer, Phys. Dark Univ. 2, 118 (2013)
75. W.-C. Huang, A. Urbano and W. Xue. arXiv:1307.6862 [hep-ph]
76. K.N. Abazajian, N. Canac, S. Horiuchi and M. Kaplinghat.
arXiv:1402.4090 [astro-ph.HE]
77. T. Daylan, D.P. Finkbeiner, D. Hooper, T. Linden, S.K.N. Portillo,
N.L. Rodd and T.R. Slatyer. arXiv:1402.6703 [astro-ph.HE]
78. C. Boehm, M.J. Dolan, C. McCabe, M. Spannowsky, and C.J. Wal-
lace. arXiv:1401.6458 [hep-ph]
79. T. Lacroix, C. Boehm and J. Silk. arXiv:1403.1987 [hep-ph]
80. A. Alves, S. Profumo, F.S. Queiroz and W. Shepherd.
arXiv:1403.5027 [hep-ph]
81. A. Berlin, D. Hooper and S.D. McDermott. arXiv:1404.0022 [hep-
ph]
82. P. Agrawal, B. Batell, D. Hooper and T. Lin. arXiv:1404.1373 [hep-
ph]
83. E. Izaguirre, G. Krnjaic and B. Shuve. arXiv:1404.2018 [hep-ph]
84. S. Ipek, D. McKeen and A.E. Nelson. arXiv:1404.3716 [hep-ph]
85. K. Kong and J.-C. Park. arXiv:1404.3741 [hep-ph]
86. B. Kyae, J.-C. Park, Phys. Lett. B 732, 373 (2014)
87. N. Okada, O. Seto, Phys. Rev. D 89, 043525 (2014)
88. K.P. Modak, D. Majumdar, S. Rakshit, JCAP 1503, 011 (2015)
89. E. Hardy, R. Lasenby and J. Unwin. arXiv:1402.4500 [hep-ph]
90. D. Cerdeno, M. Peiro and S. Robles. arXiv:1404.2572 [hep-ph]
91. C. Boehm, M.J. Dolan and C. McCabe. arXiv:1404.4977 [hep-ph]
92. P. Ko, W.-I. Park, and Y. Tang. arXiv:1404.5257 [hep-ph]
93. M. Abdullah et al. arXiv:1404.6528 [hep-ph]
94. D.K. Ghosh, S. Mondal and I. Saha. arXiv:1405.0206 [hep-ph]
95. A. Martin, J. Shelton and J. Unwin. arXiv:1405.0272 [hep-ph]
96. T. Basak, T. Mondal. arXiv:1405.4877 [hep-ph]
97. L. Wang. arXiv:1406.3598 [hep-ph]
98. C. Arina, E. Del Nobile and P. Panci. arXiv:1406.5542 [hep-ph]
99. A.D. Banik, D. Majumdar, Phys. Lett. B 743, 420 (2015)
123
